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DESCRIPTION  OF  PROGRESS 

This  repon  summarizes  major  accommplishments  covering  the  period  15  June  to  15 
September  1986.  > 

The  results  are  discussed  in  four  sections:  ~ 

.  Section  I  describes  CPA  calculations  of  the  group  velocity  and  the  mean  free  path. 
These  numbers  are  needed  to  design  ballistic  transport  devices.  We  have  determined 
the  optimum  injection  angles  and  energies  for  several  of  the  most  promising  alloys. 

.  Calculations  of  the  effect  of  anisotropicity  and  intervalley  scattering  mediated  by  ion¬ 
ized  impurities  on  v-E  characteristic  are  described  in  Section  II.  Based  on  the  more 
accurate  evaluations  of  the  band  structures,  and  alloy  and  impurity  scattering,  we  sug¬ 
gest  promising  candidate  materials  for  high-speed  devices. 

.  Section  III  is  a  concise  statement  of  SRI’s  conclusions  and  recommendations. 

•  Section  IV  is  devoted  to  administrative  matters. 
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I  CALCULATION  OF  GROUP  VELOCITY  AND  MEAN  FREE  PATH 


Group  velocities  vg  based  on  VCA  band  structures  were  presented  in  our  last  report.  In 
this  period  we  have  used  the  CRAY  computer  to  carry  out  full  CPA  evaluations  of  the  band 
structure  and  alloy  scattering  rates  including  both  diagonal  and  off-diagonal  disorder  for  the 
most  promising  alloys  Ga!_xInxAs  and  InPi_xAsx.  Because  this  procedure  automatically  incor¬ 
porates  anisotropic  intervalley  scattering,  we  are  able  to  calculate  the  group  velocity  and  mean 
free  path  for  electrons  launched  into  the  alloy  medium  with  various  energies  in  different  crys- 
talographic  directions.  We  are  now  adding  phonon  and  impurity  scattering  to  complete  this 
picture.  The  variation  of  these  self  energies  with  k  in  the  Brillouin  zone  are  useful  to  the  spe¬ 
cialist;  we  do  not  include  curves  in  this  report  because  they  are  nat  of  direct  concern  in  device 
design.  Rather,  we  combine  the  self  energies  with  the  group  velocity  to  calculate  the  alloy¬ 
scattering-limited  mean  free  path. 

Figure  1  shows  the  group  velocities  Tg  =  l/tl  V-g  e(k)  for  the  conduction  band  states  of 
several  alloys,  Ga[_xlnxAs  (x  =  0.5,  0.75),  InPj_xAsx  (x  =  0.5)  for  £  in  the  FX  and  TL  direc¬ 
tions.  In  all  cases  the  group  velocity  reaches  its  maximum  values  in  the  TX  (1,0,0)  direction. 
Similar  results  have  been  found  for  the  pure  compounds  GaAs,  GaSb,  InP,  InAs,  and  InSb  [see 
Status  Report  4  (13  June  1986)].  Notice  that  the  peak  values  of  vg  in  the  FX  direction  are 
12.1,  8.9,  11.6,  14.8,  and  12.1  [107  cm/s],  respectively.  The  value  of  vg  in  GaSb  is  smaller 
than  for  the  other  alloys;  otherwise,  there  is  relatively  little  to  choose  among  the  others  except 
for  InAs.  The  best  of  the  lot  is  InAs,  but  the  band  gap  of  this  material  is  relatively  small  for  it 
to  be  a  practical  choice  for  a  room-temperature  device. 

In  Figures  2  and  3,  the  mean  free  path  due  to  alloy  scattering  A.a:,oy,  acoustic  phonons 
Xap,  and  longitudinal  optical  phonons  Aop  are  presented  and  combined  into  a  total  mean  free 
path,  X,  as  follows; 


x  ’  =  +  xz!  +  x, 


ap 


vop 


Acoustic  phonons  never  dominate.  Optical  phonons  are  dominant  at  low  momenta  (energies) 
and  alloy-mediated  intervalley  scattering  becomes  dominant  at  higher  momenta.  Near  the  vg 
peak,  the  mean  free  path  drops  to  troublesome  low  values  of  a  few  hundred  angstroms.  Thus, 
it  may  be  necessary  to  inject  the  electrons  with  momenta  slightly  smaller  than  those 
corresponding  to  the  highest  vg  to  achieve  a  sufficiently  long  mean  free  path  for  a  practical 
device. 


To  emphasize  this  point  in  terms  corresponding  to  actual  experimental  arrangements,  we 
have  replotted  in  Figure  4  the  group  velocity  and  mean  free  path  as  a  function  of  the  injected 
electron  energy.  All  of  these  plots  assume  the  electrons  are  injected  in  the  (1.0,0)  direction. 
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FIGURE  I 


GROUP  VELOCITY  vg  IN  TX,  TL  DIRECTIONS 
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Among  the  alloys  studied,  Gao5In05As  and  InP05As05  both  have  maximum  group  velocities  of 
approximately  13.0  x  10'  cm/s.  This  is  not  appreciably  higher  than  the  group  velocity  for  pure 
GaAs.  We  therefore  conclude  'hat,  for  ballistic  transport  devices,  the  pure  compounds  have 
electronic  properties  that  are  as  good  or  better  than  those  of  any  alloy.  Thus,  in  this  applica¬ 
tion,  any  use  of  alloys  would  be  motivated  by  other  considerations  (e.g.  larger  elastic  constants, 
redtced  dislocation  densities,  a  tailored  band  gap,  or  lattice  constant  matching). 
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II  CALCULATION  OF  v-E  CHARACTERISTICS 


Another  major  accomplishment  achieved  in  this  penod  has  been  to  include  vinous  amso- 
tropicity  and  intervalley  scattering  contribut.ons  to  the  drift  velocity,  Frequent* 
stants  for  these  mechanisms  are  fitted  to  obtain  qualitative  results.  In  our  calculauoos,  *ese 
coupling  constants  are  evaluated  directly  from  band  structures.  Computat.onal  complex.ty 
arises  once  the  scattering  is  anisotropic,  because  the  usual  BZ  sum,  in  which  ** 
performed  in  only  1/48  of  the  BZ,  is  no  longer  valid.  What  would  otherw1Se  be  tedious 
time-consuming  anisotropic  calculations  have  been  done  on  the  CRAY  computer. 

Moreover,  the  momentum  relaxation  time  that  results  from  ionized  impunty  scattering, 
along  with  the  electron’s  mobility  *.  have  also  been  calculated.  Figure  5  compares  our  results 
with  the  effective  mass  approximation  (Smith,  Semiconductors,  2nd  ed.  1980,  257).  he 

deviation  at  higher  temperature  is  owing  to  departure  from  the  parabohe  fc^  and  mterv^ 
scattering  that  are  included  in  our  calculations.  For  impunty  densities,  N„  less  than  /cm  , 

the  impunty  scattering  does  not  afreet  v-E  curves  substantially.  ^ 
for  larger  densities  (N,  -  lO'W)  on  v-E  graphs  are  clearly  seen  in  Figure  6.  Because  :  the 
impurity  scattering  is  more  effective  on  low-energy  electrons,  the  v-E  curve  deviaus  most  at 
low  t  '  As  the  low-field  mobility  is  decreased,  the  vp  decreases  and  Cp  increases.  We  see  tna 
ZX  scattering  is  no.  effective  a.  fields  of  approximately  !0  kV/cm.  However,  a.  s.,11 
higher  fields,  we  expect  it  to  be  more  effective  because  of  interalloy  scattenng. 

In  the  absence  of  impurity  scattering,  and  with  phonon  scattering  still  added  in  an 
approximate  way,  the  peak  drift  velocities  vp  and  the  corresponding  field  Ep  are  listed  in  Tab 
T for  some  reference  compounds  and  for  the  more  promising  alloys.  Actually  InAs  is  not  a 
realistic  possibility,  because  its  band  gap  is  too  narrow  for  use  at  room 
that  both  Gao5Ino5As  and  InP0.5Aso,  have  significantly  higher  peak  dnfr  ^tocu.es  than  GaA 
„  6  and  1  9  times,  respectively).  Moreover,  the  fields  (and  therefore  the  power  dissipated  at 
tlLf  peak  velocity)  for^the  alloys  are  smaller  than  for  pure  OaAs.  These  alloys  have  on* 
*ighdy  higher  ^ak  drift  velocities  than  InP;  thus,  bv  this  measure  of  device  performance.  *e 
exfa  Luble  of  growing  the  alloys  would  not  be  warranted.  However,  the  values  of  Ep  for 
both  alloys  lie  well  below  that  of  InP;  hence,  the  power  dissipation  in  the  alloys  should  be  sub- 
stantiaHv  lower  than  that  in  InP.  A  more  quantitative  conclusion  will  be  offered  when  we 
S5 V X-  scattering  i„  a  mom  complete  treatment  (whtch  I*. ,mm~ 

assurance  of  the  calculated  velocity  peak-to-valley  ratios).  In  addition,  we  must  still  examine 
the  properties  of  the  InS05Aso.5  alloy.  While  the  bond  length  difference  between  InP  and  InS 
are  enough  to  make  it  difficult  to  grow  concentrated  alloys,  our  preliminary  resu  ts  m  »- 
cate  that  the  material  (if  it  can  be  prepared)  will  have  favorable  electronic  properties. 
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Table  1 


PEAK  DRIFT  VELOCITY  AND  CORRESPONDING  FIELD 


Compound 

Peak 

Drift 

Velocity 

,VP 

(10'  cms) 

Field 

at 

Peak 

Ep 

(kV/cm)  j 

GaAs 

2.3 

4 

InAs 

4.2 

1.5  | 

InP 

3.6 

8.0  ! 

Gag^IriosAs 

3.7 

2.8  ; 

InP0  5AS05 

4.4 

3.5 
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Ill  CONCLUSIONS  AND  RECOMMENDATIONS 


> 


We  draw  somewhat  different  conclusions  about  the  utility  of  alloys  in  ballistic  and  drift 
transport  dominated  devices: 

•  For  ballistic  transport  devices: 

-  Direct  gap  materials  are  best. 

-  Electrons  should  always  be  injected  in  the  (1,0,0)  direction.  The  next  best  direc¬ 
tion,  is  the  (1,1,0)  followed  by  the  (1,1,1). 

-  GaAs,  InP,  and  InAs  have  about  equally  high  peak  group  velocities,  and  all  can 
function  at  room  temperature  (although  InAs  is  marginal). 

-  No  alloy  has  an  appreciably  higher  peak  group  velocity  than  the  pure  compounds 
identified  above. 

-  If  alloys  are  chosen,  the  decision  will  be  made  on  the  basis  of  properties  other  than 
maximum  speed. 

•  Conclusions  regarding  drift  transport  devices  are  somewhat  tentative  because  the  way 

phonons  are  included  requires  further  improvement;  however: 

-  All  favorable  alloys  have  constituents  with  direct  band  gaps. 

-  Both  Gai_xIn„As  and  InP^As*  have  distinct  advantages  over  the  most  favorable 
pure  compounds  (GaAs,  InP,  and  InAs). 

-  The  InPNxAsx  alloy  may  be  somewhat  less  sensitive  to  charged  impurity  scattering 
than  GaNxInxAs.  (This  is  the  start  of  a  study  of  nonideal  effects.) 
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IV  ADMINISTRATIVE  INFORMATION 


A.  Equipment  Purchased  or  Constructed 
None. 

B.  Trips.  Meetings.  Papers,  and  Visits 

Drs.  Arden  Sher  and  Srinivasan  Krishnamurthy  attended  the  International  Conference  on 
Semiconductor  Alloys  in  Snowmass,  Colorado,  15  September  1986. 


C.  Problems  or  Areas  of  Concern 
None. 

D.  Deviation  from  Planned  Effort 
None. 

E.  Fiscal  Status 

The  total  contract  funding  for  the  three  year  period  is  $611,296.  Of  this,  $195,287  was 
allocated  to  the  first  year.  Including  the  burden,  approximately  $22,000  was  intended  to  pay 
the  consulting  fee  of  An-Ban  Chen,  leaving  approximately  $173,000.  In  the  first  year  ending 
31  May  1986,  we  spent  approximately  $192,000.  Year  Two  has  been  allocated  $203,655  with 
$20,284  intended  to  pay  the  consulting  fee  of  An-Ban  Chen.  During  the  first  quarter  of  Year 
Two  (1  June  to  31  August  1986),  $49,000  was  spent. 
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